Epigenetic mechanisms mediate diverse gene expression programs in growth and development. Yet 51 whether any can permanently alter the genome is unknown. Here we report a protein-based epigenetic 52 element, a prion, formed by the conserved DNA helicase Mph1/FANCM. [MPH1 + ] provides resistance to 53 DNA damage, a gain-of-function trait that requires helicase activity and interactions with other DNA 54 repair proteins. Strikingly, the intrinsically disordered regions of Mph1 and human FANCM that are 55 required for prion phenotypes do not resemble known prions. [MPH1 + ] reduces mitotic mutation rates, 56 but promotes meiotic crossovers, driving phenotypic diversification in wild outcrosses. Remarkably, 57 [MPH1 + ] is induced by stresses in which the prion is beneficial. Thus, [MPH1 + ] fuels a quasi-Lamarckian 58 form of inheritance that promotes survival of the current generation and diversification of the next.
Canavanine (forward mutagenesis), YPD + 100 μM Fluconazole, or 60 μg/mL Canavanine and 1 g/L 5-
180
Fluoroorotic acid (GCR mutagenesis). Plates were incubated for 3 days and then CFUs were counted 181 using a colony counter (Synbiosis Acolyte).
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Induced mutagenesis and prion switching assays. Yeast strains (BY4741 or MDG1::K.lactisURA3 184 reporter strains) were grown with 3 biological replicates to saturation in YPD with the indicated 185 chemicals for induced mutagenesis frequencies (0.012% MMS, 100 μM Oxolinic Acid) or for [MPH1 + ] 186 reporter switching (2.4 μM 4-NQO, 400 μM Camptothecin, 2 mM Cisplatin, 0.024% H 2 O 2 , 400 mM 187 Hydroxyurea, 0.012% MMS). For starvation conditions in [MPH1 + ] reporter switching, yeast strains were 188 grown with 3 biological replicates to saturation in YPD and then washed once with water and 189 resuspended in the following media conditions (no glucose, nitrogen limitation, phosphate limitation, 190 and sporulation media). Then 1 mL was spun down, resuspended in 100 μL H 2 O, and plated on the 191 indicated selective plates: SD-Arg (6.7 g yeast nitrogen base without ammonium sulfate, 5 g casamino 192 acids without arginine, 20 g glucose per liter) + 60 μg/mL Canavanine (forward mutagenesis) or SD-URA 193 (50 mg uracil, 6.7 g yeast nitrogen base without ammonium sulfate, 5 g casamino acids, 20 g glucose per 194 liter) + 1 g/L 5-FOA (reporter switching). Plates were incubated for 3 days and then CFUs were counted 195 using a colony counter (Synbiosis Acolyte). For prion reporter switching, MDG1 has no defined function 
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Meiotic Recombination Assays. Meiotic reporter strains were generated by amplifying a K.lactis URA3 201 cassette off the pUG72 plasmid (Euroscarf) with primers targeting the marker 50kb upstream of the 202 his3Δ locus of BY4741. These PCR products were transformed into [mph1 -], [MPH1 + ], and mph1Δ strains 203 as described above. A functional HIS3 marker was also re-integrated back into its endogenous locus via 204 PCR into BY4742 [mph1 -] wild-type and mph1Δ. BY4741 and BY4742 strains of the corresponding MPH1 205 genotype were crossed to generate His+ Ura+ diploids and then sporulated as described above. Dozens 206 of colonies were picked for each and tested for co-segregation of URA3 and HIS3 markers.
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For the genetic cross experiments with lab and clinical strains, the [mph1 -] and [MPH1 + ] 208 laboratory strains above were crossed to the clinical isolate YJM975 (SGRP). Diploids were sporulated as 209 before and then 96 spores were picked for each. Spores were pinned in quadruplicate onto solid YPD 210 plates with the follower stressors: 39°C, 128 μg/mL fluconazole, 1 mM amphotericin B, 120 μg/mL 211 calcofluor white, 0.01% H 2 O 2. Yeast were grown at 30°C (except in the case of 39°C heat stress) for 3-4 212 days and then pictures were taken and colony size analysis was conducted using SGAtools (Wagih et al., 
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We previously found that transient overexpression of Mph1 could elicit heritable zinc resistance that 230 had properties consistent with protein-based inheritance (Chakrabortee et al., 2016) . These included 231 non-Mendelian segregation of this phenotype in genetic crosses (it was inherited by all meiotic progeny 232 rather than half), and a strong reliance on molecular chaperones (Hsp70 proteins) for propagation from 233 one generation to the next. This chaperone dependence was unusual -most previously known prions 234 depend on Hsp104 to propagate (Shorter and Lindquist, 2005) -and Mph1 lacks the glutamine or 235 asparagine-rich regions typical of nearly all known prions. We therefore investigated whether this 236 Mph1-dependent epigenetic state was a bona fide protein-based genetic element.
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Prion acquisition commonly elicits heritable changes in the localization of causal protein(s) 238 (Derkatch et al., 2001) . We investigated whether this was true for the Mph1-dependent epigenetic 239 state, taking advantage of the fact that prions are dominant (Shorter and Lindquist, 2005) . We crossed a 240 yeast strain expressing an endogenous MPH1-YFP fusion to a strain harboring the Mph1-dependent 241 epigenetic state, and to genetically identical (isogenic) naïve cells as a control. There was no apparent 242 difference between these groups in exponentially growing cells. However, in stationary phase cells,
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Mph1-YFP foci were evident in diploids harboring the Mph1-dependent epigenetic state, but not in 244 isogenic naïve diploids ( Fig. S1 ).
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We next tested whether the Mph1-dependent epigenetic state could be transmitted by 246 cytoplasmic mixing without transfer of any nuclear material, another hallmark of prion biology (Wickner   247   et al., 2006) . To do so, we performed 'cytoduction' experiments with kar1-15 mutants in which nuclei do 248 not fuse during mating ( Fig. S2A ; see methods). The Mph1-dependent epigenetic state was robustly 249 transferred to naïve recipient cells through such 'cytoduction' experiments ( Fig. S2B ). These data thus 250 establish that the phenotype did not arise from genetic mutation.
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Finally, we performed a protein transformation as the 'gold-standard' test for prion-based 252 inheritance. We generated nuclease-digested lysates from cells harboring the Mph1-dependent 253 epigenetic state and from isogenic naïve cells. We used these lysates to transform naïve spheroplasts 254 (yeast lacking a cell wall), including a carrier plasmid harboring a URA3 marker to enrich for cells that 255 were competent to uptake molecules from their external milieu ( Fig. S2C; see Fig. S3 ) however, establishing that the prion state is distinct from a simple increase in 280 Mph1 activity. We also examined mutagenesis using an assay in which loss-of-function mutations in the 285 driving gains-of-function. We observed the same anti-mutator phenotype when scoring resistance to the 286 antifungal drug fluconazole ( Fig. 1D ), establishing that these relationships were not unique to the 287 forward mutagenesis assay employed. We also observed decreased frequencies of induced mutagenesis 288 in [MPH1 + ] cells (e.g. with MMS and oxolinic acid; Fig. 1C ).
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One possible explanation for the decreased mutation frequency in [MPH1 + ] cells would be 290 preferential engagement of error-free repair pathways, which often involve homologous recombination.
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Indeed, Mph1 has been implicated in pathway choice decisions in multiple organisms ( 303 and [mph1 -] cells to a naïve strain harboring mph1-Q603D, selected diploids, sporulated them, and then 304 examined meiotic progeny that harbored the mph1-Q603D alleles ( Fig. 2A ).
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As expected, [MPH1 + ] progeny harboring the wild-type allele were more resistant to 4-NQO than 306 matched [mph1 -] progeny (p=0.014 by t-test, Fig. 2B ). In contrast, [MPH1 + ] progeny harboring the mph1-
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Q603D allele were as sensitive to 4-NQO as [mph1 -] progeny harboring the catalytically inactive variant 308 (p=0.21, Fig. 2B ). Thus, Mph1 activity is required to produce [MPH1 + ] phenotypes. We tested whether
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Mph1 catalytic function was also required for prion propagation ( Fig. 2A ). To do so we crossed meiotic 310 progeny (arising from the previous cross) harboring the mph1-Q603D allele to naïve, wild-type strains to 311 create heterozygous diploids in which Mph1 function was restored. Prion-dependent resistance to 4-
312
NQO re-emerged in these strains (p= 0.047 by t-test, Fig. 2B harboring each gene deletion. Finally, we exposed these strains to genotoxic stress and compared how
324
[MPH1 + ] affected survival in the context of each gene deletion.
325
We observed strong genetic interactions between [MPH1 + ] and components of the FA pathway.
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This network has been best characterized in the context of ICL repair, where Mph1 scaffolds 
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We next tested whether these Mph1 interactions were required for prion propagation. To do so 339 we crossed the haploid deletion strains in which [MPH1 + ]-dependent phenotypes had disappeared to 340 naïve wild-type strains, creating heterozygous diploids in which gene function was restored. Strikingly,
341
resistance to genotoxic stress re-emerged in only 3 strains: exo1Δ/EXO1, rad5Δ/RAD5, and 342 mgm101Δ/MGM101 (Fig. 2C) Fig. 5B ), establishing that the prion fundamentally altered the degree of linkage the cross.
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S. cerevisiae naturally produces many crossovers per chromosome, a feature that has motivated 434 its use as a genetic model organism. As a consequence, its linkage blocks are small and most 435 polymorphisms within them are thought to be passenger mutations rather than causal variants. We divergence between open reading frames in these strains (0.5%) is only slightly greater than that 440 between human individuals. We isolated diploids from these matings, induced meiosis, and isolated 441 spores ( Fig. 5C; see SI) . We confirmed that these spores were bona fide meiotic recombinants based on mating type tests and then exposed these progeny to physiological stressors relevant to the clinical 443 niche: heat stress, antifungal drugs, and oxidative stress, measuring colony size as a proxy for growth.
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The presence of [MPH1 + ] significantly increased the phenotypic variation in these cells ( Fig. 5D-G) .
445
To test whether this increased phenotypic diversity arose from the enhanced re-assortment of 446 genetic information during meiosis, or rather due to some other effect of [MPH1 + ] (e.g. decreased 447 mutation rate, phenotypic capacitance, etc.), we also examined phenotypic variation produced by the 448 prion in the parental strains. We transferred [MPH1 + ] to each parent by cytoduction (see SI for 449 experimental details) and examined the variance in phenotype across the same stressors that we used 450 to examine the meiotic progeny. The variance in phenotype imparted by [MPH1 + ] was much smaller in 451 each parent than it was in the meiotic progeny ( Fig. 5D-G, Fig. S7 ) and curing of the prion did not 452 eliminate these traits (Fig. S9) , establishing that the prion itself did not increase phenotypic variance in a 
) and propagated for ~75 generations on selective media to eliminate inheritance of the prion (as 463 has been described previously). Then the plasmid was eliminated and normal Hsp70 function was 464 restored for an additional ~25 generations. The strains were then arrayed onto a plate in a 10-fold 465 dilution series and allowed to grow up for 3 days (Fig. S8) 
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Perhaps the greatest force driving genetic diversification in eukaryotes is sexual reproduction.
489
Re-assortment of alleles in meiosis ensures that every genome is fundamentally new. But within this 490 genomic patchwork, linkage blocks can be found in which multiple polymorphisms are inherited in cis.
491
As an epistemological tool, geneticists have long assumed that individual, 'driver' polymorphisms are 492 linked to many other 'passenger' mutations that have no influence on phenotype. Figure S8 10-fold dilution series 
